An F 2 population derived from the hybrid of Lycopersicon esculentum Mill.XF98-7×Lycopersicon pimpinellifolium LA2184 was used for genome-wide linkage analysis for yield traits in tomato. The genetic map, spanning the tomato genome of 808.4 cM long was constructed with 112 SSR markers distributing on 16 linkage groups. Main and epistatic effect QTLs controlling first flower node, number of flowers per truss, fruit set percentage and fruit weight were located using Bayesian model selection method. A total of 20 significant main effect QTLs and 16 pairs of epistatic QTLs were identified on 16 linkage groups. The proportions of phenotypic variation explained by the detected QTLs ranged from 1.9 to 25.9% and from 0.00 to 17.4% for main-effect and epistatic QTLs, respectively. Most QTL effects were predictable from the parental phenotypes. Additionally, one QTL was found to be pleiotropic, governing simultaneously first flower node and number of flowers per truss.
INTRODUCTION
Construction of a high density genetic map is the foundation of gene localization, gene cloning and structural and functional genome research. The earliest high density genetic map covering the tomato genome of 1276 cM long has been established by Tanksley et al. (1992) with 1030 restriction fragment length poly-morphism (RFLP) markers in an F 2 population developed from a cross between an elite line of tomato (L. esculentum) *Corresponding author. E-mail: runqingyang@sjtu.edu.cn, chhy@sjtu.edu.cn Tel: 86213420-6146, 86213420-6934. Fax: 86213420-6146, 86213420-6934. Abbreviations: SSR, Simple sequence repeat; QTLs, quantitative trait loci; RFLP, restriction fragment length polymorphism; RAPD, random amplification of polymorphic DNA; FFN, first flower node; NFLT, number of flowers per truss; FSP, fruit set percentage; FW, fruit weight. and the closely related wild species (Lycopersicon pennellii). Later, some molecular linkage maps were presented for the purposes of detecting gene loci of interest. Foolad and Chen (1998) have published a linkage map of approximate 600 cM length, which has been constructed with 53 Random amplification of polymorphic deoxyribonucleic (RAPD) markers in F 2 population derived from UCT5 (L. esculentum) and LA716 (L. pennellii). Using a BC 1 population by hybridization of a L. esculentum line (NC84173) and an accession of L. pimpinellifolium, a molecular linkage map was drawn, which spanned 1192 cM with an average distance of 7.9 cM between markers (Foolad, 1999) . Zhang et al. (2002) have constructed a genetic map by 142 RFLP markers based on a BC 1 population, and the length of the map is 1469 cM. In tomato, the first flower node, the number of flowers per truss, fruit set percentage and fruit weight are the important traits for the production of tomato. These traits are typically controlled by multiple genes, often collectively referred to as quantitative trait loci (QTLs). The genetic architecture of quantitative trait includes the number and locations of QTL, their main effects, epistatic effects and interactions of those QTLs with environments as well. However, the unknown number of QTL and possible huge epistatic effects make the dissection for genetic architecture of quantitative trait extremely complex. Traditional QTL mapping methods based on interval mapping and composite interval mapping had been recommended for detecting epistasis (Carlborg et al., 2005; Fijneman et al,. 1996; Boer et al., 2002; Kao and Zeng, 2002) , but the detection became increasingly difficult as the number of detected QTLs increased. In contrast, Bayesian mapping is able to simultaneously estimate all unknown parameters in the genetic architecture of quantitative traits by generating posterior samples from the joint posterior distribution for these unknowns. As a kind of Bayesian mapping methodology, Bayesian model selection approach has been developed (Yi et al., 2005 , which provides an efficient and relatively simple way of identifying epistatic QTL for complex traits. The detection of QTL can not only explain genetic architecture for quantitative traits, but also facilitate marker-assisted selection. Till now, there are few studies about analyzing interactions between QTLs of yield traits in tomato. The objectives of this study were to construct a SSR genetic linkage map in tomato and then to identify main effect and epistatic QTLs for the four traits by Bayesian model selection method in an F 2 population derived from the hybrid of L. esculentum Mill XF98-7×L. pimpinellifolium LA2184.
MATERIALS AND METHODS

Plant materials
The hybrids were made between the two inbreeding lines: XF 98-7 of L. esculentum Mill developed by Tomato Breeding Laboratory, Shanghai Jiaotong University and L. pimpinellifolium accession LA2184 provided by Dr. Robert, Dowman, at department ofHorticulture, University of California. Subsequently, a single F1 hybrid plant was self-pollinated to produce F2 progeny. A total of 142 F2 plants were sampled randomly for construction of the genetic map and location of QTL for yield traits.
Traits evaluation
The node of first flower truss on each plant after blossom was denoted as the trait of first flower node (FFN). An average of three trusses on each plant was taken as the trait of number of flowers per truss (NFLT). Mean fruit set percentage of three trusses on each plant was defined as the trait of fruit set percentage (FSP). At the end of the growing season, ten representative ripened fruit were harvested from each plant for measurement of the average fruit weight (FW).
SSR analysis
Following the procedure as described in Fang et al. (1999) , total DNA was extracted from fresh leaf tissue of each sampled plant. Amplification reaction mixture contained DNA template of 20 to 40 ng, Mg 2 ＋ of 2.0 mmol·L -1 , dNTP of 0.2 mmol·L -1 , primer of 0.4 µmol·L -1 and Taq DNA polymerse of 0.65 U. The process of PCR reaction was conducted according to the modified procedure proposed by He et al. (2003) . The PCR products were isolated by electrophoreses on 6% (wt/vol) denatured polyacrylamide gel. After electrophoresis, the gel was stained with silver nitrate.
QTL mapping
In F2 population, assume that there areuantitative trait loci responsible for a trait of interest, the genetic mapping model with interacting QTLs can be then constructed on the basis of the Cockerham's genetic model (Kao and Zeng, 2002) , denoted by For each analysis, the MCMC algorithm ran for presence of QTL (Kass and Raftery, 1995) .
RESULTS
Construction of the genetic map
A total of 530 SSR primers were used to screen in parents and of which, 125 were found to be polymorphic. The 117 polymorphic primers were selected due to their stability and co-dominance to genotype markers on 142 F 2 plants. The results from the chi-square test showed that segregation ratio for each marker all meted the expected 1:2:1 at significant level of 0.05. The linkage map has been drawn using the software package Mapmaker 3.0, whose length is 808.4 cM and average distance between markers is 7.22 cM (Figure 1) .
Identification of QTL
The genome-wide Bayes factors comparing the model with and without the locus for the analysis showed evidence of QTL activity on whole chromosomes. Outputs of the analyzed results included genetic effects (additive, dominance and epistatic), 2lnBF, HPD (the region of highest posterior density) and hereditability (that is, proportion of phenotypic variation explained by QTL) for detected QTL, which were summarized in Tables 1 and  Table 2 .
First flower node (FFN)
Five main effect QTLs for FFN were detected on chromosomes 2, 3, 5b, 8b and 11, and especially, the QTLs on the 8bth chromosome was detected on the two markers, that is, Tom168169 and LEct004 (Table 1 ). All but one QTL (on chromosome 5b) LA2184 alleles contributed to the increased FFN, consistent with the parental phenotypes. Each main effect explained from 7.2 to 15.6% of phenotypic variation. Among five detected QTLs, 5 pairs performed significant epistatic interactions, that is, chromosomes 2 and 5b, 3 and 11, 3 and 5b, 3 and 8b, 5b and 8b, with strong positive effects of dd, ad, dd, dd and dd on FFN, respectively. Only one interaction between chromosomes 3 and 11 contributed to high proportion of phenotypic variation, whereas the other interactions were at low proportions (0.0 to 5.2%).
Number of flowers per truss (NFLT)
Six main effect QTLs were identified on chromosomes 1, 2, 4, 5 (a, b) and 9, each accounting for between 6.8 and 16.5% of the phenotypic variation for this trait. It was found that the QTL within the HPD [3.2, 10.3] governed simultaneously FFN and NFLT with higher proportion of the phenotypic variation, showing the pleiotropy. For all QTLs, the alleles derived from LA2184 contributed to the increased NFLT. As seen from Table 2 , 5 pairs of QTLs, which distributed on chromosome 1 and 2, 1 and 5b, 2 and 9, 2 and 5b, 5a and 5b, showed the strong evidence of epistasis on NFLT. These interactions explained about 10% the phenotypic variation, except for the QTL on chromosome 2 and 9.
Fruit set percentage (FSP)
In four analyzed traits, the number of QTL detected for FSP was the fewest. Only three QTLs for FSP performed significant main effects and two pairs of them showed the strong evidence of epistasis on NFLT. Three QTLs located on chromosome 3, 7 and 12, which explained the phenotypic variance at a low level. The LA2184 alleles contributed to the increased FSP at two major QTLs whereas the XF98-7 alleles contributed to the increased FSP only at one major QTL. The interaction between chromosome 3 and 12 strongly impacted FSP with the greatest epistasis of da and high heritability.
Fruit weight (FW)
On chromosome 1, 2, 4, 5a, 9 and 12, the main effects of six QTLs were identified to be significant and among these chromosomes, the interactions of four pairs were significant (Table 2) . It could be found that a large QTL on chromosome 1 was responsible for FW, accounting for Liu et al. 13723 25.9% of the phenotypic variance. For all QTLs, the alleles derived from the small-fruited parent (LA2184) contributed to the reduced FW in the F 2 progeny, as expected. Of four interactions, two pairs on chromosome 1 and 9, chromosome 2 and 12 explained above 10% phenotype variation.
DISCUSSION
Many studies about detection of quantitative trait loci for tomato have been reported. For example, Paterson et al. (1998) and Eshed and Zamir (1995) have individually found 6 and 18 QTLs responsible for fruit weight in tomato. Fulton et al. (1997) have detected 8 QTLs for fruit weight, whose reliability has been verified in the BC 2 , BC 3 and BC 4 progenies in tomato. Alpert and Tanksley (1996) and Grandillo and Tanksley (1999) have detected 28 QTLs, of which the largest QTL was able to account for 30% of the phenotypic variance for fruit weight in tomato. Currently, Frary et al. (2003) have finely mapped quantitative trait loci for improved fruit characteristics from Lycopersicon chmielewskii chromosome 1. Rousseaux et al. (2005) have used L. pennellii introgression lines to analyze QTLs for fruit antioxidants in tomato. However, these QTLs mentioned above have been identified by adopting either least square or maximum likelihood method. It had been demonstrated on both theory and practice that the Beyesian model selection is superior to least square or maximum likelihood method, in terms of detecting power of QTL (Yi et al., 2005 , Yang et al., 2010 , 2011 . We had employed Bayesian model selection to dissect the genetic architecture of four yield traits on the genetic map for tomato constructed by self, and identified a total of 18 significant additive and 2 dominant QTLs (shown in Table  1 ), uncovered all the QTLs detected with maximum likelihood method (Liu et al., 2005) . Some QTLs were located finely, such as the ones on chromosome 2 for FFN, chromosome 5a for NFLP and FW, and chromosome 8b for FFN. The main effects of detected QTLs on analyzed traits explained from 1.9 to 25.9% of phenotypic variation. Many QTLs with hereditability of above 10% effect could be considerably interesting for breeding purposes and scientific reasons. When main effects of two QTLs were individually or both nonsignificant, no interactions between them were found. Although, some QTLs had lower main effects, such as QTLs for NFLT on chromo-some 1, 2 and QTL for FSP on chromosome 3, they generated higher interactions with other QTLs (Table 2) . The presence of epistasis allows us to consider simultaneously markers associated with QTLs in marker-assisted selection. One pleiotropic QTL was found in this study, but Bayesian model selection for multiple traits was required to develop for precisely mapping the kind of QTLs. Mapping interacting QTLs will increase the genetic markers' information associated with yield traits and promote the process of identifying causative genes. Beneficial genetic variation knowledge can be incorporated in breeding programs to enhance genetic improvement through marker-assisted selection for tomato.
